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Abstract
The recent explosion of transgenic zebrafish lines in the literature demonstrates the value of this model system for detailed in vivo
analysis of gene regulation and morphogenetic movements. The optical clarity and rapid early development of zebrafish provides the ability
to follow these events as they occur in live, developing embryos. This article will review the development of transgenic technology in
zebrafish as well as the current and future uses of transgenic zebrafish to explore the dynamic environment of the developing vertebrate
embryo.
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Introduction
Many model organisms have been studied in the effort to
understand the complex mechanisms that transform a single
cell zygote into a functional, multicellular organism. Ovip-
arous zebrafish have the advantage that their externally
fertilized eggs can develop rapidly as transparent embryos,
allowing us to literally visualize all stages of vertebrate
development. In combination with fluorescent reporter
genes that can be assayed in living tissue, it is possible in
zebrafish to visualize changes in gene expression and de-
tailed morphogenetic movements as they transpire in a live,
developing vertebrate embryo. It is this possibility of real-
time imaging in the native environment of the developing
embryo that constitutes a major contribution of zebrafish to
the study of vertebrate development.
The first stable lines of transgenic zebrafish appeared in
the literature over a decade ago (Stuart et al., 1988; 1990).
However, as with the development of transgenic mouse
technology, it took some time for laboratories to develop
techniques that reliably produced transgenic animals on a
routine basis (for information on technique, see Linney and
Udvadia, 2003; Meng et al., 1999a). It is mainly during the
past 3 years that this technology has seen widespread use in
studies addressing developmental stage- and tissue-specific
gene regulation, as well as in studies of cell migration and
targeted misexpression (see Table 1). One consequence of
these studies is a wealth of stable transgenic lines in which
fluorescent reporter genes are expressed in tissue-restricted
patterns or under regulation of inducible promoters (Table
1). Examples of stable transgenic lines expressing fluores-
cent proteins under ubiquitous, restricted, and inducible
promoters are shown in Fig. 1.
This review will focus on the generation and use of
transgenic zebrafish for studies in vertebrate developmental
biology. Given the early difficulties in developing trans-
genic zebrafish, we will begin with a review on how the
technology for generating stable, germ-line transgenic ze-
brafish has evolved. We will follow with examples of stud-
ies on early developmental processes that take advantage of
transgenic zebrafish. Finally, we will discuss the future
possibilities of these transgenic animals in targeted screens
for mutations, toxins, and small molecules that affect spe-
cific developmental events or pathways.
Supplementary data for this article are available on ScienceDirect
(http://www.sciencedirect.com).
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Table 1
Transgenic zebrafish lines
Expression
category
Transgene Vector Expression pattern Rate of
transgenesis
(%)
Notes References
Unrestricted pSV/hygro P not expressed 5* SV-40 early promoter driving
hygromycin resistance gene
1
pUSVCAT P batch assay positive 7 RSVLRT&SV-40 early region
driving CAT reporter
2
RSV/lacZ P not expressed 16 RSVLTR driving lacZ reporter 3
CMV/luciferase P not expressed 3 CMV promoter/enhancer driving
luciferase reporter
4
dHSP/CAT-
NPT-BGAL or
dHSP/HPT
P not expressed 31 Drosophila HSP driving Drosophila
P-element and CAT-NPT-BGAL
reporter or HPT reporter
5
Xenopus ef1/lacZ P 5 lines range from
ubiquitous to patchy
expression
6 4.6-kb Xenopus ef1
promoter/enhancer driving lacZ
reporter
6
MoMLV/lacZ &
RSV/neo
R not expressed 16 pseudotyped retrovirus with
MoMLV LTR driving lacZ reporter
and RSV LTR driving neomycin
resistance gene
7
Xenopus ef1/GFP P 2/4 with detectable
expression, ubiquitous
7 185-bp enhancer/280-bp promoter
from Xenopus ef1 driving GFP
reporter
8
Xenopus ef1/GFP P 5/5 with detectable
expression, ubiquitous
5 same as above with rabbit globin
2nd intron between
promoter/enhancer and GFP
8
Xenopus ef1/GFP PI 1/3 with detectable
expression, ubiquitous
9 same as above plus 2, 1.2-kb
insulators from human globin
flanking entire transgene fragment
8
carp actin/CAT P nonuniform expression
limited to axial and paraxial
mesoderm in tail & eyes and
anterior CNS
7 carp actin promoter driving CAT
reporter
9
carp actin/CAT PI ubiquitous 20 same as above with scs border
elements from Drosophila heat
shock locus
9
carp actin/CAT PI ubiquitous 3* same as above with A border
elements from chicken globin
locus
9
Xenopus ef1/lacZ R not expressed 83 Exchanged the MoMLV LTR
transcriptional regulatory regions
with Xenopus ef1a promoter driving
lacZ expression
10
zebrafish actin/
GFP
P ubiquitous 8 17-kb upstream sequences from
zebrafish -actin (includes exon1,
intron 1 & part of exon 2) driving
GFP reporter
11
CMV/luciferase P n.a. 8 CMV promoter/enhancer driving
luciferase reporter
12
CMV/luciferase PNLS n.a. 43 plasmid same as above, ionically
complexed with nuclear localization
signal peptides prior to injection
12
mariner element T n.a. 33 Plasmid with Drosophila mauritiana
nonautonomous mariner element,
peach, transposed into genome when
coinjected with transposase mRNA
13
Xenopus ef1/GFP T ubiquitous (of the 3
founders, only 1 was
transposed—others random
integration. Transposed had
stronger expression for
longer)
8 Xenopus ef1 promoter driving GFP
reporter (in Tc3 transposon). Able
to integrate into genome by
transposition & mobilized with
exogenous transposase
14
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Expression
category
Transgene Vector Expression pattern Rate of
transgenesis
(%)
Notes References
carp actin/CAT P ubiquitous (did not transmit
to F2 offspring)
2 carp actin promoter driving CAT
reporter
15
carp actin/CAT PI ubiquitous (expression levels
proportional to numbers of
integrated transgenes)
4 same as above with scs border
elements from Drosophila heat
shock locus
15
carp actin/CAT PI ubiquitous (expression levels
proportional to numbers of
integrated transgenes)
1 same as above with A border
elements from chicken globin
locus
15
Xenopus ef1/
GFPntd
P ubiquitous (nuclear
localization)
12 Xenopus ef1 promoter driving
nuclear targeted GFP reporter
16
Xenopus ef1/
GFPntd
R ubiquitous (nuclear
localization)
10 Xenopus ef1 promoter driving
nuclear targeted GFP reporter in a
retroviral construct
16
medaka Tol2-tyr T n.a. 25 Plasmid with zebrafish Tol2-tyr
element transposed into genome
when coinjected with transposase
mRNA
17
CMV/luciferase PNLS n.a. 56 peptides containing nuclear
localization signals increase
transgenic rate
18
medaka actin/
GFP
PITR ubiquitous 19 10.6-kb medaka actin promoter
driving GFP reporter
19
zebrafish H2A.F/
Z/GFP
P nuclei of all cells 4 2-kb zebrafish histone promoter/
enhancer driving expression of
histone-GFP fusion protein
20
zebrafish ef1/
H2BGFP
P ubiquitous (nuclear
localization)
100* injection of sperm nuclei transfected
with Xenopus ef1a promoter driving
nuclear targeted GFP reporter
21
Nervous system mouse HSP/lacZ P 7/8 nonexpressing lines; 1
line expressing in restricted
pattern in RB and trigeminal;
suggest enhancer trap
6 truncated mouse heat shock
promoter driving lacZ reporter
22
goldfish
1tubulin(del-
1046/846)/GFP
P sporadic skin cell expression;
regenerating (but not
developing) retinal ganglion
cells
n.a. goldfish 1tubulin 5 flanking
region, exon 1 and intron 1, with a
200-bp deletion in 5 flanking
region, driving GFP reporter
23
zebrafish islet1/
GFP
P cranial motor neurons 3 4.1-kb zebrafish islet 1 promoter/
30bp 5UTR driving GFP reporter
24
zebrafish HuC/
GFP
P nervous system 2* 10.5-kb zebrafish HuC promoter
driving GFP reporter
25
goldfish 1tubulin/
GFP
P nervous system 2–5 goldfish 1tubulin sequences
(including 1696 bp 5 flanking
region, exon 1 and intron 1) driving
GFP reporter
26
zebrafish rod
opsin/GFP
P rod photoreceptors 4* 1.2-kb upstream of translation start
site of zebrafish rod opsin gene
driving GFP reporter
27
rat GAP43/GFP P nervous system 3 1-kb upstream of translation start of
rat GAP43 gene driving GFP
reporter
28
zebrafish FoxD3/
GFP
P migrating pigment
precursors, PNS glia,
neurons of the pineal gland
n.a. 14-kb upstream sequence of
zebrafish FoxD3 (fkd6) driving GFP
reporter
29
zebrafish HuC/
GFP
P nervous system 100* injection of sperm nuclei transfected
with 10.5-kb zebrafish HuC
promoter driving GFP reporter
21
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Table 1 (continued)
(continued on next page)
Expression
category
Transgene Vector Expression pattern Rate of
transgenesis
(%)
Notes References
zebrafish pax2.1/
lacZ
P MHB, hindbrain, spinal cord,
ear and pronephros &
ectopic but spatially
restricted activation of the
reporter genes in
rhombomeres 3 and 5 and in
the forebrain
9 used transient analysis to compare
different promoter lengths, chose
5.3-kb upstream of translational
start, pax2.1, driving lacZ reporter
30
zebrafish pax2.1/
GFP
P  n.a. 5.3-kb upstream of pax2.1
translational start driving GFP
reporter
30
zebrafish
rod-opsin/GFP
P rod photoreceptors n.a. 1.1- and 3.7-kb upstream regions of
the zebrafish rod-opsin gene driving
GFP reporter
31
Xenopus opsin/
GFP-rhodopsin
P rod outer segments 1.3-kb Xenopus proximal opsin
promoter driving expression of
GFP-fusion protein with sequences
encoding C-terminal 44 aa of
Xenopus rhodopsin. RA responsive
32
zebrafish AANAT-
2/GFP
P pineal photoreceptors 3 1.65-kb 5 and 3.5-kb 3 sequences
from zebrafish serotonin-N-
acetyltransferase gene driving GFP
reporter
33
Lymphoid cells zebrafish rag1/
GFP
PAC largest construct expressed in
thymus, kidney and olfactory
neurons
n.a. GFP homologously recombined into
PAC containing 80 kb of 5 and 40
kb of 3 sequence flanking the
zebrafish rag1 gene. Compared with
tansgenics made with smaller
constructs—more ectopic expression
34
Epithelia zebrafish krt8/GFP P EVL; epithelia (skin &
digestive tract)
16 2.2-kb upstream of zebrafish
keratin8 transcription initiation site,
driving GFP reporter
35
Pancreas zebrafish pdx-1/
GFP
P pancreas n.a. 6.5 kb zebrafish pdx-1 promoter
driving GFP reporter
36
zebrafish insulin/
GFP
P pancreas n.a. 4 kb zebrafish insulin promoter
driving GFP reporter (also 758, 903,
1392, 1489, 2620 bp fragments)
36
Muscle zebrafish -actin/
GFP
PITR muscle 6 adeno-associated virus inverted
terminal repeats flanking transgene:
zebrafish -actin driving GFP
reporter (see below)
19
zebrafish -actin/
GFP
P muscle 28 3.9 kb upstream (include., exon1,
intron1 and 20 bp exon2) -actin
driving GFP reporter
11
Blood zebrafish gata1/
GFP
P/NLS intermediate cell mass and
circulating blood
1 5.6 kb upstream of zebrafish gata1
translational start driving GFP
reporter. / NLS no difference in
efficiency
37
zebrafish gata1/
GFP
P lateral plate mesoderm and
intermediate cell mass
n.a. 8.1 kb upstream of zebrafish gata1
translation start driving GFP
reporter
38
Germ cells Xenopus ef1/
GFP-vasa 3UTR
P germ cells n.a. 0.5 kb Xenopus ef1a promoter
driving GFP expression with various
fragments from vasa 3UTR to test
for germ cell localization
39
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Table 1 (continued)
Expression
category
Transgene Vector Expression pattern Rate of
transgenesis
(%)
Notes References
zebrafish vasa/
GFP
P germ cells 2 first three exons and introns plus
fourth exon to codon 25 from
zebrafish vasa gene driving GFP
with 2.3 kb downstream of stop
codon ligated to GFP 3 end for
germ cell targeting
40
Vasculature zebrafish fli1/GFP P developing vasculature,
aortic arches, developing
jaw, fin mesenchyme
15 15 kb zebrafish fll fragment
including exon1 driving GFP. 5/21
express brightly
41
Response element
reporters
ERE/luciferase P n.a. 4 luciferase activity detectable in 14
dpf larvae, estrogen inducible
inducible
42
RAREtk/GFP P domains of retinoic acid
activity (nuclear localization)
n.a. reporter of RA activity; 3xRARE tk
basal promoter driving nuclear
localized GFP
43
RAREGT2/YFP P domains of retinoic acid
activity (nuclear localization)
n.a. reporter of RA activity; 3xRARE
basal gata2 promoter driving nuclear
localized YFP
43
Lef/GFP P domains of Wnt/catenin
signalling
1* reporter of beta catenin activity
(uses 4 Lef binding sites and mouse
c-fos minimal promoter)
44
GAL4/UAS zebrafish HSP/
Gal4
P ubiquitous upon heat shock n.a. zebrafish heat shock protein 70
promoter driving Gal4 expression
45
zebrafish DeltaD/
Gal4
P Delta D expresses as
endogenous gene
n.a. 6 kb zebrafish deltaD promoter
driving Gal4 expression
45
svtk/GAL4 PMAR ln. 1:wk. Isolated exp.; ln. 2:
st. exp in h.b. and EVL
12 SV40enhancer/tk minimal promoter
driving GAL4 expression. 5 matrix
attach. region (MAR)
46
carp actin/GAL4 PMAR adaxial mesoderm, h.b. 20 carp actin promoter driving GAL4
expression. 5 MAR
46
carp actin/GAL4 PMAR adaxial mesoderm, h.b. 20 carp actin promoter driving GAL4
expression with flanking MARs
46
UASmyc-notch1:
intra
PMAR under UAS regulation 16 5 UAS sites driving expression of
myc-tagged, activated notch1 (6
myc epitopes/intracellular notch1)
with flanking MARs
46
Heat shock-
inducible
zebrafish hsp70/
GFP
P lens/ubiquitous upon heat
shock
2 1.5 kb zebrafish HSP70/4 promoter
driving GFP reporter. (Only two
lines expressed)
47
zebrafish hsp70/
sema3A1
P lens/ubiquitous upon heat
shock
n.a. 1.5 kb zebrafish HSP70/4 promoter
driving expression of zebrafish
semaphorin3A-GFP fusion protein
47
zebrafish hsp/slit2-
GFP
P ubiquitous upon heat shock 4 1.5 kb zebrafish HSP70/4 promoter
driving expression of zebrafish slit2-
GFP fusion protein
48
Other zebrafish twhh/
GFP
P notochord, floorplate,
branchial arches, pectoral tin
bud, retina, kupffer’s vesicle
n.a. 5.2 kb zebrafish twhh promoter
driving GFP reporter
49
zebrafish shh/GFP P differentiating retinal
ganglion cells, in other areas
recapitulates shh RNA
expression
n.a. 5.8 kb intron enhancer and 2.7 kb
promoter from zebrafish shh driving
GFP
50
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Table 1 (continued)
(continued on next page)
Transgenic zebrafish technology:
a historical perspective
The potential for transgenic zebrafish was first realized
when it was shown that plasmid DNA injected into the
cytoplasm of fertilized eggs could integrate into the genome
and be stably transmitted to subsequent generations (Stuart
et al., 1988). Investigations into the fate of injected DNA
showed that high molecular weight concatemers were im-
mediately formed and, in some cases, subject to sequence
rearrangement (Cretekos and Grunwald, 1999; Culp et al.,
1991; Stuart et al., 1988, 1990). The concatemerized DNA
remained extrachromosomal and was amplified approxi-
mately 10-fold prior to gastrulation. During gastrulation, the
majority of foreign DNA was subsequently degraded, al-
though low levels could still be detected in most injected
embryos through at least 3 weeks (Stuart et al., 1988).
Examination of the progeny of injected animals revealed:
(1) a relatively high frequency of germline transformants,
5-25% of injected animals, and (2) a stability of the se-
quences transmitted to the F1 and F2 progeny (i.e., no
further sequence rearrangements).
Although these early results boded well for the simple
generation of transgenic zebrafish, two extenuating factors
prevented the widespread implementation of this technol-
ogy: (1) unreliable expression of integrated transgenes, and
(2) low frequency of germline transmission to the F1 prog-
eny. First, while stable germline integration and transmis-
sion of the plasmid DNA could be demonstrated by South-
ern blot, expression of the reporter genes encoded in the
plasmids was not always detectable (Bayer and Campos-
Ortega, 1992; Culp et al., 1991; Gibbs et al., 1994a, b;
Stuart et al., 1988). These results led to the prevalent notion
that transgenes in zebrafish were unusually susceptible to
silencing as they passed to subsequent generations (Bayer
and Campos-Ortega, 1992; Caldovic et al., 1999; Caldovic
and Hackett, 1995; Culp et al., 1991; Gibbs et al., 1994a, b;
Stuart et al., 1988). There was even concern that plasmid
remaining in an extrachromosomal state could actually be
passed on to F1 progeny, but lost in subsequent generations
(Patil et al., 1994). Attempts to overcome these problems
included the use of “border” or “insulator” elements to
separate the transgene from integration site-specific repres-
sion. Two studies using border elements from the Drosoph-
ila heat shock locus or chicken -globin locus reported an
increase in the level and uniformity of transgene expression
(Caldovic et al., 1999; Caldovic and Hackett, 1995). In
contrast, the use of insulator elements from the human
-globin locus appeared to decrease the number of express-
ing transgenic animals (Amsterdam et al., 1995). However,
the latter report did show an increase in the number of
expressing transgenic animals observed when an intron was
included in the transgene construct. Subsequently, there
have been many reports of stable lines of transgenic ze-
Expression
category
Transgene Vector Expression pattern Rate of
transgenesis
(%)
Notes References
zebrafish DeltaD/
DeltaD
P complex pattern of
mesodermal and
neuroectodermal expression
that changes over
developmental time
n.a. minigene to rescue DeltaD mutant
fish. 12.5 kb of genomic sequence,
including entire coding sequence of
DeltaD
51
zebrafish DeltaD/
GFP
P complex pattern of
mesodermal and
neuroectodermal expression
that changes over
developmental time
n.a. several different lines containing
different fragments from 12.5 kb
DeltaD genomic sequence driving
GFP reporter
51
Note. P, plasmid; PI, plasmid with insulator elements; PNLS, plasmidnuclear localization sequence peptides; T, transposon; R, retrovirus; PITR,
plasmid with adeno-associated virus inverted terminal repeat; PMAR, plasmid with martrix attachment region; PAC, P1 artificial chromosome. MHB,
midbrain–hindbrain boundary. * , based on single transgenic animal. SV-40, simian virus-40; n.a., information not available; RSVLTR, Rous sarcoma virus
long terminal repeat; LacZ, -galactosidase gene; CMV, cytomegalovirus; CAT, chloramphenicol acetyl transferase; HSP, heat shock promoter; GFP, green
fluorescent protein; NPT, neomycinphosphotransferase; BGAL, -galactosidase; HPT, hygromycinphospho-transferase; MoMLV, Moloney Murine Leuke-
mia Virus; svtk, SV40 virus thymidine kinase; UAS, yeast upstream activating sequence; twhh, tiggy winkle hedgehog; shh, sonic hedgehog. References:
Stuart et al., 1988 (1); Stuart et al., 1990 (2); Culp et al., 1991 (3); Gibbs et al., 1994b (4); Gibbs et al., 1994a (5); Lin et al., 1994b (6); Lin et al., 1994a
(7); Amsterdam et al., 1995 (8); Caldovic and Hackett, Jr., 1995 (9); Gaiano et al., 1996 (10); Higashijima, et al., 1997 (11); Collas and Alestrom, 1998 (12);
Fadool et al., 1998 (13); Raz et al., 1998 (14); Caldovic et al., 1999 (15); Linney et al., 1999 (16); Kawakami et al., 2000 (17); Liang et al., 2000 (18); Hsiao
et al., 2001 (19); Pauls et al., 2001 (20); Jesuthasan and Subburaju, 2002 (21); Bayer and Campos-Ortega, 1992 (22); Goldman and Ding, 2000 (23);
Higashijima et al., 2000 (24); Park et al., 2000 (25); Goldman et al., 2001 (26); Kennedy et al., 2001 (27); Udvadia et al., 2001 (28); Gilmour et al; 2002
(29); Picker et al., 2002 (30); Hamaoka et al., 2002 (31); Perkins et al., 2002 (32); Gothilf et al., 2002 (33); Jessen et al., 1999 (34); Gong et al., 2002 (35);
Huang et al., 2001 (36); Long et al., 1997 (37); Kobayashi et al., 2001 (38); Knaut et al., 20002 (39); Krøvel and Olsen, 2002 (40); Lawson and Weinstein,
2002 (41); Legler et al., 2000 (42); Perz-Edwards, et al., 2001 (43); Dorsky et al., 2002 (44); Scheer, et al., 2001 (45); Scheer and Campos-Ortega, 1999 (46);
Halloran, et al., 2000 (47); Yeo et al., 2001 (48); Du and Dienhart, 2001 (49); Neumann and Nuesslein-Volhard (50); Hans and Campos-Ortega, 2002 (51).
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Table 1 (continued)
brafish that express the transgene without the benefit of
border elements (see Table 1).
We have generated several transgenic lines that have
been carried through multiple generations, and we do notice
a significant difference in levels of transient transgene ex-
pression in embryos that have been injected with a reporter
gene versus those that inherit the same reporter gene (Lin-
ney et al., 1999; Perz-Edwards et al., 2001; Udvadia et al.,
2001; E.L., unpublished observations). It is not surprising
that transgene expression in injected embryos is stronger
than in embryos that have inherited the same sequence since
many more copies of the transgene may be present in
injected embryos. However, we have not observed any
divergence or extinction of the F1 patterns of expression in
any subsequent generations. One explanation for the ap-
pearance of silencing comes from the observation that some
transgenic founder females can express the transgene in
their oocytes (Linney et al., 1999). In this case, it was shown
that, in embryos derived from founder females, transgene
expression could be detected prior to the onset of zygotic
transcription (Fig. 2). A similar finding was reported in
earlier studies where weak transgene expression could be
detected in F1 progeny of transgenic founders that had not
inherited the foreign DNA (Stuart et al., 1990). Thus, it is
possible for progeny from a transgene-expressing female to
score positive by expression without actually inheriting the
transgene. While these findings do not rule out the possi-
bility of transgene silencing, they offer an alternate expla-
nation and present the possibility that silencing may not be
as prevalent as previously believed.
It has also been suggested that the use of promoter
sequences from other species could lead to transgene silenc-
ing (Higashijima, et al., 1997). To our knowledge, there has
been no study directly comparing gene promoters from
zebrafish with the homologous gene promoters from another
species, although several reports suggest that transgene ex-
pression from viral promoters is particularly problematic
(see Table 1). However, a number of transgene expressing
lines have been created by using heterologous promoters,
including those from Xenopus, carp, medaka, goldfish,
mouse, and rat (see Table 1). In fact, several studies have
tested heterologous promoters in zebrafish specifically to
discover regulatory elements that have evolutionarily con-
served functions (Barton et al., 2001; Motoike et al., 2000;
Reinhard et al., 1994; Udvadia et al., 2001; Westerfield et
al., 1992). Therefore, while we cannot rule out the possi-
bility that non-zebrafish sequences are more susceptible to
silencing, it is more likely that the strength and fidelity of
transgene expression from heterologous promoters will de-
pend on how well the regulatory sequences, and the factors
that bind them, have been conserved between species for a
given gene.
The other difficulty in establishing stable transgenic ze-
brafish is the germline mosaicism of transgenic founder
animals (see Fig. 3). Early reports showed that founder fish
usually transmitted the transgene to far less than 50% of the
F1 progeny (frequencies ranged from 6 to 54%), while F2
progeny consistently inherited the transgene at a rate of 50%
(Culp et al., 1991; Stuart et al., 1988, 1990). Similar fre-
quencies of transgene transmission have since been noted in
most other reports of transgenic zebrafish (see references in
Table 1), including germline transmission of retroviral vec-
tors (Lin et al., 1994a; Linney et al., 1999) and transposons
(Fadool et al., 1998; Kawakami et al., 2000; Raz et al.,
1998). The exceptions to germline mosaicism come from
two reports that describe the use of nuclear localization
signal (NLS) peptides (Collas and Alestrom, 1998; Liang et
al., 2000). These synthetic peptides, ionically complexed to
plasmid DNA, function to increase both the number of
nuclei taking up the foreign DNA and the amount of DNA
taken up per nuclei. This in turn was shown to greatly
increase the frequency of germline integration in injected
fish and also to increase the percentage of F1 progeny
inheriting the transgene to nearly 50%. In contrast, two
earlier publications using a different reporter construct
noted little or no difference in transgenesis in the presence
or absence of NLS peptides (Higashijima et al., 1997; Long
et al., 1997). Whether the difference lies in the plasmids
used or in the exact experimental conditions remains to be
determined.
In most cases, germline mosaicism continued to be a
hurdle. For example, if a founder produced less than 5%
transgenic progeny it would be likely to be scored nega-
tively if fewer than 100 progeny were screened, thus con-
tributing to the perception of germline silencing. Since
transgene detection in embryos required their sacrifice for
either enzymatic assays or DNA collection, screening 100
progeny/founder could be cumbersome and time-consum-
ing. However, with the availability of reporter assays that
could detect transgenes in live animals, the rare transgene
expressing F1 progeny could be immediately identified and
raised to maturity. Live reporter assays made it unnecessary
to raise hundreds of transgene-negative fish to find the few
transgene-positive fish, thus saving time, space, and re-
sources (Amsterdam et al., 1995; Lin et al., 1994b). The first
such application used a fluorescent substrate for -galacto-
sidase that could be used to identify lacZ transgenes in live
animals (Lin et al., 1994b). However, Green Fluorescent
Protein (GFP) and other subsequently derived fluorescent
proteins require no exogenous substrate and have proven to
be much more sensitive, and therefore are the reporters
of choice for transgenic fish (Amsterdam et al., 1995,
1996).
There are now a number of useful GFP variants that are
commercially available that differ in fluorophore excitation
and emission spectra, protein folding time, protein half-life,
and subcellular localization of the protein. While there have
been no published transgenic lines using GFP variants with
a shorter half-life, our limited experience with this variant
suggests that the reduced sensitivity of this reporter may
limit its usefulness for stable transgenic lines. More useful
are the GFP variants that fluoresce in the green, yellow, and
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blue range as well as the red fluorescent proteins now also
available. These variations, among other benefits, provide
the possibility for multiple transgenes to be studied simul-
taneously in the same fish. A recent review provides a more
detailed analysis of the benefits and drawbacks of the var-
ious fluorescent proteins, as well as suggestions for maxi-
mizing detection of weak fluorescent signals (Linney and
Udvadia, 2003).
Transgenic zebrafish in developmental studies
Transient assays
A complementary approach to generating stable trans-
genic lines for the purpose of analyzing gene regulatory
sequences is the use of transient expression assays. In these
assays, dozens of fish are injected with a given plasmid in
order to generate an “expression map” by pooling expres-
sion information from the mosaic embryos. This method has
been used successfully to analyze cis-acting promoter/en-
hancer elements that contribute to tissue-specific, species-
specific, or developmental time-specific gene expression
(Chen et al., 1998, 2001; Du and Dienhart, 2001; Hieber et
al., 1998; Higashijima et al., 2000; Huang et al., 2001; Ju et
al., 1999; Marsh-Armstrong et al., 1995; Meng et al., 1997,
1999b; Moav et al., 1993; Moss et al., 1996; Motoike et al.,
2000; Muller et al., 1999; Park et al., 2000; Picker et al.,
2002; Reinhard et al., 1994; Udvadia et al., 2001; Wester-
field et al., 1992).
The drawbacks to this method are that the injected em-
bryos are often highly mosaic and there is a greater degree
of ectopic expression. Several techniques have been re-
cently described for decreasing mosaic and/or ectopic trans-
gene expression in transient assays. One solution is to use
artificial chromosomal vectors (PAC or BAC) that can ac-
commodate larger DNA fragments than plasmids. Larger
gene fragments are less likely to be missing crucial gene
regulatory elements, and thus are less likely to display
ectopic expression. Such reporter constructs, in which
20–55 kb of regulatory genomic sequence has been in-
cluded, have been shown to result in very reproducible
patterns of expression in injected embryos (Jessen et al.,
1998). Similarly, Hsiao et al. (2001) have shown that a more
uniform expression of transgene in injected embryos could
be achieved by flanking the transgene with inverted terminal
repeats from adeno-associated virus. Also, as previously
observed in mouse, vector sequences have been shown to
interfere with or cause ectopic transgene expression in ze-
brafish (Higashijima et al., 1997; Udvadia et al., 2001).
Most recently, more uniform expression of both ubiquitous
and neuron-specific reporter constructs has been achieved
by injection of transfected sperm nuclei (Jesuthasan and
Subburaju, 2002).
Regardless of the drawbacks, these assays have proven
quite useful for rapidly generating information on tissue-
specific expression. This method has been successfully em-
ployed to analyze deletion mutations and point mutations
within the GATA-1 and GATA-2 gene promoters, leading
to the isolation of elements responsible for tissue-specific
Fig. 2. Expression of GFP is observed in an ef1/GFPntd embryo from a female founder. Zygotic transcription begins at 1000-cell stage; therefore, GFP
expression appearing prior to this stage is due to maternal loading of the either GFP protein or mRNA. (A) Bright-field image of two 8-cell-stage embryos.
(B) Fluorescent image of the same embryos shows fluorescent cells in the embryo on the left.
Fig. 1. Examples of different classes of transgenic zebrafish. (A) Unrestricted expression of nuclear-targeted GFP in a 24-h postfertilization (hpf) ef1GFPntd
embryo. (B) Dorsolateral view of hindbrain of a 24-hpf ef1YFPntd embryo. (C) Neuron-restricted expression of YFP in a 24-hpf HuC/YFP embryo. (D)
Ventral view of eyes and forebrain from a HuC/YFP 24-hpf embryo. (E) YFP expression is predominantly in the rostral third of the developing spinal cord
in a 31-hpf RAREGT2/YFP embryo. (F) YFP expression is expanded both rostrally into the brain and caudally within the spinal cord in a 31-hpf
RAREGT2/YFP embryo exposed to retinoic acid (106 M for 6 h beginning at the 19- to 20-somite stage). (G) No GFP expression is observed in a 30-hpf
zfHSP/GFP embryo grown at 28.5°C. (H) GFP expression is rapidly induced in a 30-hpf zfHSP/GFP embryo following exposure to 37°C for 1 h (beginning
at 24 hpf). All embryos, with the exception of (D), are lateral view with rostral right and dorsal up. The HuC promoter was a gift from Dr. A.B. Chitnis.
The HSP/GFP fish were a gift from Dr. J.Y. Kuwada.
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expression (Meng et al., 1997, 1999a). Another study has
revealed the existence of different enhancers that direct
either notochord or floorplate expression of the sonic hedge-
hog (shh) gene (Muller et al., 1999). In the shh study,
potential regulatory fragments were assayed by merely
coinjecting these sequences with nonligated reporter genes,
taking advantage of the fact that injected sequences are
immediately concatemerized in the fish. The transient assay
can also be used for overexpression studies as shown by the
transient expression of chicken gicerin using a neuron-
specific promoter (Kim et al., 1996). This report showed
specific fasiculation between neighboring gicerin-express-
ing neurons. Together, these studies demonstrate how tran-
sient assays can be a valuable tool for rapid in vivo analysis
of gene-regulatory elements.
Cell migration studies
For some studies, mosaic expression may actually be
advantageous, particularly if single cells or small popula-
tions of cells are to be studied in isolation. Constructs
specially designed to meet this need have been recently
described (Ko¨ster and Fraser, 2001b). These plasmids ex-
press a potent transcriptional activator (Gal4/VP16 fusion)
under the regulation of ubiquitous or tissue-specific promot-
ers, which in turn activates a fluorescent reporter encoded
on the same plasmid. Such a construct was employed in a
time-lapse study on the fate of cells occupying a germinal
zone in the dorsoanterior hindbrain (Ko¨ster and Fraser,
2001a). Because these studies could follow the same cells
over time, these researchers were able to distinguish be-
tween contradicting results found when this same problem
was approached by using the expression of marker genes in
fixed tissue. This illustrates the power of zebrafish for mor-
phogenetic studies.
Similar analyses of cell movements have been conducted
by using stable lines of transgenic fish. Time-lapse studies
in our own laboratory have shown that a line expressing
GFP under the regulation of estrogen response elements
(ERE) highlights a population of cells that can be observed
to migrate along the pronephric duct early in development
(Fig. 4, movie available in online supplement). With an-
other line, we are exploring the role of a population of
retinal ganglion cell biased precursors in cell fate specifi-
cation and lamination in the retina (Udvadia et al., 2001;
and unpublished work). A recent study from another labo-
ratory uses a line in which the zFoxD3 promoter drives GFP
expression in a peripheral glial subtype to determine
whether glia guide or follow the path of growing axons
(Gilmour et al., 2002). By combining the use of time-lapse
imaging and availability of fish with mutant genetic back-
grounds, it was discovered that, in the case of the lateral line
nerve, glia have a direct role in nerve fasciculation, but it is
axons that guide glial migration. Another recent study used
the fli1 promoter to drive GFP expression in the developing
vasculature and found that blood vessels undergoing angio-
genesis display pathfinding behavior similar to that of neu-
ronal growth cones (Lawson and Weinstein, 2002). These
are all examples of how transgenic zebrafish can provide an
opportunity for live imaging analysis that is necessary for
the elucidation of dynamic developmental processes.
Tissue-restricted expression in stable lines
In addition to the zFoxD3/GFP fish described above,
there are a number of lines that express specifically in the
nervous system (Gilmour, et al; 2002; Goldman and Ding,
2000; Goldman et al., 2001; Gothilf et al., 2002; Hamaoka
et al., 2002; Higashijima et al., 2000; Kennedy et al., 2001;
Park et al., 2000; Perkins et al., 2002; Picker et al., 2002;
Udvadia et al., 2001). Some of these lines have been used to
study the requirements for axon growth in developing and
regenerating neurons (Goldman and Ding, 2000; Goldman
et al., 2001; Udvadia et al., 2001). In these studies, it was
discovered that different pathways are involved in activat-
ing genes such as 1-tubulin and GAP-43 in developing
versus regenerating neurons (Goldman and Ding, 2000;
Goldman et al., 2001; Udvadia et al., 2001). Other trans-
genic lines with tissue-restricted expression of GFP include
those that express specifically in lymphoid cells (Jessen et
al., 1999), epithelia (Gong et al., 2002), pancreas (Huang et
al., 2001), skeletal muscle (Higashijima et al., 1997; Hsiao
et al., 2001), blood (Kobayashi et al., 2001; Long et al.,
1997), vasculature (Lawson and Weistein, 2002), and germ
cells (Knaut et al., 2002; Krøvel and Olsen, 2002).
Still other lines are designed to highlight particular de-
velopmental signaling pathways, such as sonic hedgehog
(shh) signaling (Neumann and Nuesslein-Volhard, 2000),
wnt/catenin signaling (Dorsky et al., 2002), and retinoic
acid (RA) signaling (Perz-Edwards et al., 2001; Fig. 1).
Shh/GFP transgenic lines highlighted shh expression in the
developing retina that had previously been difficult to detect
using in situ hybridization techniques. These studies
showed a conservation of function between shh and the
Drosophila homologue, hedgehog, in retinal cell differen-
tiation. In another transgenic line, lef1 binding sites were
used to drive GFP expression in order to study wnt/catenin
signaling. Given the complex interactions that govern wnt/
catenin signaling, these fish provided a facile assay for
discovering novel sites of wnt/catenin activity. Similarly,
RA signaling is also dependent on several factors, including
metabolic enzymes, receptors, coactivators, and corepres-
sors. Therefore, our laboratory has generated transgenic
lines in which green or yellow fluorescent protein expres-
sion is regulated by retinoic acid response elements
(RAREs) in order to provide an integrated, in vivo readout
of the various factors impinging on RA activity (Perz-
Edwards et al., 2001). Such transgenic lines should prove to
be valuable screening tools for factors that perturb impor-
tant developmental pathways.
10 A.J. Udvadia, E. Linney / Developmental Biology 256 (2003) 1–17
Targeted misexpression
Another approach to understanding developmentally im-
portant genes is through misexpression. It is particularly
important to have the ability to target misexpression in order
to study the effect of a gene on the development of a specific
cell type or at a particular time in development. This is
achieved through the use of tissue- or stage-specific pro-
moters such as those described above. However, if the
developmental abnormalities caused by misexpression af-
fect reproduction or viability, it is not possible to create
stable, misexpressing lines. To circumvent this problem,
Scheer and Campos-Ortega (1999) adopted the GAL4-UAS
(upstream activating sequence) system previously used in
Drosophila (Brand and Perrimon, 1993; Fischer et al.,
1988). In this system, two lines of fish are generated: an
activator line and an effector line. The activator line ex-
presses the yeast transcription factor GAL4 under the reg-
ulation of a particular tissue- or stage-specific promoter,
while the effector line expresses the gene of interest under
the regulation of the UAS. A cross between two such stable
lines will yield progeny in which the specific misexpression
can be studied. This method was used to discover a role for
the Notch receptor in actively promoting gliogenesis in the
developing retina (Scheer et al., 2001). A similar binary
expression system has been described in transient assays in
which the activator line expresses the bacteriophage T7
RNA polymerase and the effector line expresses the gene of
interest under the regulation of the T7 promoter (Verri et al.,
1997).
Another method for achieving misexpression is to express
genes under the regulation of a heat-shock promoter, HSP70
(Adam et al., 2000; Halloran et al., 2000). HSP constructs
allow temporal control over gene expression since the pro-
moter can be activated at any given time simply by increasing
the ambient temperature (Fig. 1). Using this technique, a novel
role in regulation of mesodermal cell movement during gas-
trulation was discovered for the guidance molecule Slit2 (Yeo
et al., 2001). Control of both spatial and temporal expression
was demonstrated with another HSP70-regulated transgenic
line in which the expression of the guidance molecule
Sema3A1 was laser-induced in single muscle cells where it
retarded motor axon outgrowth (Halloran et al., 2000).
While the effects of gene misexpression can also be studied
by introduction of messenger RNA into the yolk of one- to
eight-cell-stage embryos, later effects may be obscured by
early, more global defects. The specific targeting of transgene
misexpression, by either the GAL4/UAS system or the laser-
induced HSP system, should facilitate the discovery of novel
functions for genes at later times or in specific tissues.
Future of transgenic zebrafish
As evidenced by the previous examples, zebrafish trans-
genesis has progressed from a technology available in only
a few laboratories, to one that has become routine in many
laboratories. This dispersion of transgenic technology has
allowed many laboratories to more fully exploit the advan-
tages of the zebrafish embryo’s small size, rapid develop-
ment, and transparency, to address important biological
questions. In this section, we will consider the future of
transgenic zebrafish from two perspectives: (1) potential
uses of transgenic fish in targeted screens for mutations,
small molecules, or toxins that perturb normal development,
and (2) future development of transgenic zebrafish technol-
ogy.
Transgenic fish in targeted screens
The examples discussed thus far demonstrate the value
of using transgenic zebrafish to study developmental gene
expression and morphogenesis in vivo. In this section, we
will consider the use of fluorescent reporter fish for detect-
ing mutations, small molecules, or toxins that perturb nor-
mal development. Screening solely for obvious morpholog-
ical defects, large-scale genetic screens have revealed
mutations affecting all stages of early development (Driever
et al., 1996; Golling et al., 2002; Haffter et al., 1996).
However, mutations resulting in morphologically subtle
phenotypes require more inventive screens that target spe-
cific pathways or processes (reviewed in Patton and Zon,
2001). Transgenic fish in which a fluorescent marker is
expressed in a spatially and/or temporally restricted pattern
provide an excellent tool for detecting subtle perturbations
in specific developmental pathways. This is evidenced by a
recent study of a previously identified mutation, noi, that is
null for pax2.1. Analysis of the noi mutation in a pax2.1
transgenic reporter fish analysis revealed a novel positive
transcriptional feedback loop for pax2.1 (Picker et al.,
2002).
Fluorescent reporter fish can also be used in conjunction
with a variety of reverse genetic approaches to analyze the
roles of known genes in a particular developmental pathway
or process. Until recently, targeted gene disruption has not
been possible in zebrafish. Currently, the most widely used
method for targeted gene disruption is to inject early em-
bryos with morpholinos, modified anti-sense oligonucleo-
tides that can specifically “knock-down” gene expression
(reviewed in Ekker, 2000). However, methods for generat-
ing bona fide gene “knock-out” fish are on the horizon with
the ability to generate germ-line chimeras from embryo cell
cultures (Ma et al., 2001) and the ability to clone zebrafish
by replacing the zygotic nucleus with that from cultured
embryonic fibroblasts (Lee et al., 2002). As with the study
of normal development, the use of tissue- and pathway-
specific transgenic lines in “knock-down/out” fish affords
the possibility of visualizing dynamic processes in vivo in
order to understand how, where, and when a given gene is
functioning in the developing vertebrate embryo.
In addition to screening for mutations that perturb nor-
mal development, zebrafish have also been used to screen
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for small molecules that disrupt specific developmental
pathways. A recent study found 8/1100 synthetic small
molecules screened exerted specific effects on the morphol-
ogy of the developing central nervous system, cardiovascu-
lar system, ear, or pigmentation (Peterson et al., 2000).
These researchers reported that the rate-limiting step in such
screening is the time required for careful visual analysis that
could be facilitated by the use of fluorescent reporter fish.
Aside from discovering molecules that disrupt normal de-
velopment, it is also possible to screen for small molecules
with therapeutic value using fish that phenocopy human
disease (reviewed in Shin and Fishman, 2002). Again, flu-
orescent reporter fish could increase screening throughput
for manual screening and also introduce the possibility of
automated screening.
The relatively new field of ecological developmental
biology (reviewed by Gilbert, 2001) could also benefit from
fluorescent reporter fish. Given that regulatory pathways
can be followed with live transgenic zebrafish, these fish can
play an important role as biosensors for environmental tox-
icants (Amanuma et al., 2000, 2002; Carvan et al., 2000a, b,
2001; Legler et al., 2000; Nebert et al., 2002; Schreurs et al.,
2002). There are two different approaches reported in the
literature for detecting environmentally harmful chemicals
with transgenic fish. The first is a test for environmental
mutagens using zebrafish carrying integrated copies of a
high copy number Escherichia coli shuttle vector
(Amanuma et al., 2000, 2002). The shuttle vector is recov-
ered from treated and untreated embryos, sequenced, and
compared for mutation frequency. Members of our labora-
tory are currently designing fluorescent transgenic fish in
which mutagenic activity is detected by a shift in fluores-
cence localization (e.g., shift from nuclear to cytoplasmic
localization; E.L., unpublished observations). This approach
has the potential of greatly increasing screening throughput
of possible mutagens. The second approach uses reporter
transgenic fish in which fluorescence or luciferase induction
is mediated by promoter elements responding to various
environmental pollutants, such as aromatic hydrocarbons,
heavy metals, and environmental estrogens (Carvan et al.,
Fig. 3. Germline mosaicism of transgenic zebrafish founders. (A) Transgenes are integrated into a subset of somatic cells and germ cells of the injected fish
(indicated by green). The germline mosaicism becomes apparent in a cross between founder fish and wild type fish, which yields a small percentage (3%
in this example) of F1 fish that bear the transgene (green). (B) Crosses between transgene-positive F1 fish and wild type fish result in the Mendelian inheritance
of the transgene by the F2 generation (50%).
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2000a, b, 2001; Legler et al., 2000; Nebert et al., 2002;
Schreurs et al., 2002). However, it should be noted that
compounds with reduced solubility and/or bioavailability
might not be detected in fish as well as in cell culture assays
(Schreurs et al., 2002). A third possibility would be to
screen for specific effects of environmental toxins on par-
ticular developmental pathways using any of the tissue/
pathway restricted fluorescent reporter fish listed in Table 1.
Together, these examples illustrate how the optical clar-
ity and rapid ex utero growth of zebrafish, combined with
fluorescent reporter genes, provide tools for the detailed
analysis of dynamic developmental processes. The addi-
tional benefit of small size also makes these vertebrates
amenable to high throughput screening for mutations, small
molecules and environmental pollutants. Thus, transgenic
fish not only serve to elucidate natural developmental
events, but can also facilitate the discovery of important
components of developmental pathways and assess the ef-
fects of our environment on these same pathways.
Developments in transgenic technology
While we have reviewed the large growth in the use of
transgenic zebrafish in the study of developmental biology,
it is worth spending some time on the technological ad-
vances in zebrafish transgenesis. In discussing the history of
zebrafish transgenesis, we mainly covered transgenesis us-
ing DNA microinjection. For the most part, DNA microin-
jection has been the method of choice for generating trans-
genic zebrafish because it is relatively simple, reliable, and
has been employed successfully by many laboratories. The
frequency of germline transgenic founders using DNA mi-
croinjection in zebrafish (1–30%, this review) is comparable
with that observed in mice (10–40%, reviewed in Smith,
2002). Both in mouse and in zebrafish, this usually results in
a single integration of a concatemer of the transgene (re-
viewed for mouse in Bayer and Campos-Ortega, 1992;
Cretekos and Grunwald, 1999; Culp et al., 1991; Gibbs et
al., 1994a, b; Hsiao et al., 2001; Smith, 2002; Stuart et al.,
1988, 1990). Such complex integration events can provide
substrates for intrachromosomal recombination (Cretekos and
Grunwald, 1999) that might result in changes of expression.
Alternatives methods for gene transfer have been ex-
plored, both in zebrafish and other vertebrate model organ-
isms, that can lead to less complexity at the site of integra-
tion, less mosaicism, and/or increased rates of transgenesis.
In zebrafish, psuedotyped retrovirus infection has been ex-
ploited for generating single copy insertions of transgenes.
Early trials using retroviral-mediated transgenesis did not
result in transgene expression (Gaiano et al., 1996; Lin et
al., 1994). However, we and others have since described
reporter gene expression either from nonviral promoters
inserted into the viral vector (Linney et al., 1999) or from
endogenous promoters identified by gene-trapping events
(Chen et al., 2002). Furthermore, this method has become
highly efficient with an average of 25 independently segre-
gating single copy insertions per transgenic founder (Chen
et al., 2002). However, the construction, packaging, titering,
and infection required for the use of retrovirus-mediated
transgensis is a lengthy process and therefore less practical
for the routine generation of transgenic zebrafish for pro-
moter or gene function analysis.
A second method for generating single copy insertions of
transgene is through the use of transposons (Fadool et al.,
Fig. 4. Migratory ERE/GFP-expressing cells. In transgenic zebrafish expressing GFP under the regulation of estrogen response elements, expression is limited
to a population of cells that migrate along the pronephric duct beginning in the early larval period (A, 96 hpf) and that eventually reside in the vicinity of
the head kidney (B, 14 days postfertilization).
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1998; Kawakami et al., 2000; Raz et al., 1997). Transposons
have two advantages over retroviruses: (1) they can accom-
modate larger transgene constructions, and (2) they require
the same preparation time as the regular DNA microinjec-
tion technique. The major drawback to this method for
generating single copy insertions, however, is that it is far
less efficient and many integration events are not transpo-
sitions, but rather random integrations of concatemerized
plasmid DNA (Kawakami et al., 2000; Raz et al., 1997).
Another alternative is the adaptation of a technique orig-
inally adopted for Dictyostelium (Kuspa and Loomis,
1992), which has proven successful for efficient generation
of nonmosaic transgenic frogs (Kroll and Amaya, 1996;
Marsh-Armstrong et al., 1999). In this method, injection of
transfected sperm nuclei into the frog egg pronucleus results
in 60–80% of injected eggs giving rise to transgenic em-
bryos. Of these, 100% of the (F0) founder animals tested
reliably produced progeny that carried and expressed the
transgene. Limited trials of this technique in zebrafish look
promising (Jesuthasan and Subburaju, 2002), although it
requires more technical expertise than required for simple
DNA microinjection.
A simpler approach has been recently reported for gen-
erating transgenic medaka fish in which the I-Scel
meganuclease is coinjected with a transgene construct
flanked by meganuclease recognition sites. This technique
results in a high frequency of transgenesis (30%), a high rate
of germline transmission (50%), and single-copy or low-
copy number integration events (Thermes et al., 2002). If
this technique is as successful in zebrafish as it appears to be
in medaka, it will provide an uncomplicated method, acces-
sible to any laboratory, for the more efficient generation of
stable transgenic lines.
Finally, there are those technological advances still on
the horizon that will significantly enhance the use of ze-
brafish as a model organism. Among these, the most tangi-
ble is the full sequence and assembly of the zebrafish ge-
nome by the Sanger Centre. We have already used the
sequence information currently available to identify and
isolate promoter regions from genes of interest for future
transgenic projects. The sequence information should also
be of major benefit to laboratories interested in developing
homologous targeting technology in zebrafish, which would
enable the excision, substitution, or modification of endog-
enous genes. Such techniques, particularly if they could be
reduced to a level of ease required for simple DNA injec-
tion, could make zebrafish an ideal tool for analyzing pro-
tein structure and function.
With the solving of the crystal structures for both the
green and the red fluorescent proteins (Yang et al., 1996;
Wall et al., 2000), we might expect the development of
designer fluorescent proteins with enhanced folding prop-
erties and selective fluorescent colors that would allow an
array of different types of biological experiments. Homol-
ogous targeting experiments that incorporated such new
reporters could enable the study of protein–protein interac-
tions in the developing vertebrate embryo. This could be
achieved by modifying endogenous genes to create fluores-
cent fusion proteins whose interactions could be monitored
using fluorescence–resonance–energy-transfer (FRET). In
this technique, specific interactions are detected when flu-
orescent molecules are at the proper molecular distance and
orientation such that energy emitted from a shorter wave-
length fluorophore excites a longer wavelength fluorophore.
In summary, while the previous decade has been a time for
significant advances in generating expressing germline
transgenic zebrafish, the next decade promises to be a time
for significant advancements in our understanding of verte-
brate development as a result of new technological devel-
opments in zebrafish transgenesis.
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